typically harsh and limited by low water availability. Supplemental irrigation may be used to preserve aesthetic quality and ability to provide ecosystem services of urban vegetation but requires careful management of available economic and water resources to reduce urban water footprint.
To this purpose, decision-makers need quantitative tools, requiring few, physically-based parameters and accounting for the uncertainties and future scenarios of the hydroclimatic forcing. Focusing on in-row and isolated trees, a minimalist description of street tree water balance is proposed here, including rainfed and irrigated conditions, and explicitly accounting for tree water requirements, growing conditions (in terms of soil properties and extension of bare soil, permeable and impervious pavements surrounding the tree), and rainfall unpredictability. The proposed model allows the quantification of tree cooling capacity, water stress occurrence, and irrigation requirements, as a function of soil, plant, and climate characteristics, thus providing indications regarding the tree ability to provide ecosystem services and management costs. In particular, an analysis of different planting designs suggests that a balanced design consisting in bare soil and permeable pavement with size equal to the lateral canopy extension is optimal for water conservation, tree cooling capacity, and health. The proposed model provides useful indications towards the definition of site-specific guidelines for species selection and planting design, for sustainable urban vegetation. to effectively manage available resources and limit city water footprints, particularly in 103 semi-arid regions.
104
The specificities of the urban environment make it difficult to exploit existing ecohydro- can potentially infiltrate in the permeable areas or create a beneficial runoff from the nearby 164 impervious surfaces. It is also useful to define the total area that contributes to the soil 165 water balance pertaining a single tree, i.e., A T = A B + A P + A I .
166
As apparent in Fig. 1a) , the specific geometry of the areas surrounding the tree is highly analyses, we will focus on the case of circular symmetry, which works best for isolated trees.
173
The radii r i fully define the areas affecting the tree soil water balance, A i = πr to other geometries, such as the squares employed in several locations (Fig. 1a) . and Porporato (2011a)) is here adapted to the case of isolated or in-row trees. 
The state variable s(t) represents the relative soil moisture averaged over the soil volume
185
A R Z R , where most of the plant roots are located and over which soil features are assumed 186 uniform, with Z R being the characteristic rooting depth, A R the area over which the root 187 system extends (see Fig. 1b ), and n the soil porosity. ii) the rooting zone does not extend under the entire bare soil and permeable area (i.e., 206 r R < r B + r P ), and iii) the rooting zone extends also under the impervious surface (i.e.,
207
r R > r B + r P depicted in Fig. 1b) . The occurrence of the latter case, i.e., the rooting zone 208 extending also beyond the permeable/impervious surface interface, depends on soil type 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 other water stores that might be available with more extensive rooting systems.
220
In the first case (i.e., r R = r B + r P ), all the infiltrated water from the permeable area A P 221 and a fraction η I of surface runoff generated by the nearby impervious surface A I contribute 222 to the rooting zone soil water content. For a generic rainfall event of depth h(t), the water 223 volume contributing to the soil water balance (1) can be quantified as
where
is the rainfall event depth,
225
and h (t) is the effective rainfall depth below the canopy (i.e., after canopy interception; 
232
In the second case, where the lateral extension of roots is less than the bare soil and 233 permeable pavement combined areas (i.e., r R < r B + r P , as in the case depicted in Fig.   234 1b), the infiltration from the excess permeable surface and the runoff generated by the lateral extension of the area with permeable pavement beyond the rooting zone (Fig. 1b) . i.e. R I (t) = e −r nR η I h(t)A I (where k I,C has been set to zero under the assumption that 255 r C ≤ r R ; see below). Accordingly, the water volume contributed to the soil water balance 256 for r R < r B + r P from a generic event of depth h(t) is we distinguish between i) a more traditional irrigation, in which each irrigation application 
326
The presence of the canopy (and the existence of an interception threshold ∆) generates two,
327
partially dependent, Poisson processes: i) the uncensored rainfall process providing water to 328 areas unaffected by the canopy, which occurs with mean frequency λ, and ii) the censored
329
Poisson process driving precipitation under the canopy, which occurs with mean frequency with average frequency λ eff , representing the area-weighted average of λ and λ , i.e.,
where The effective rainfall contributing to the soil water balance occurs according to a modified, (2) and (3) for r R = r B + r P and r R < r B + r P respectively. The effective depth 341 contributing to the soil water content in the rooting zone is given by
D. Soil moisture probability density function (pdf ) and irrigation requirements
343
With the above simplifications and assuming stochastic steady state, it is possible to 344 obtain analytically the soil moisture probability density function (pdf), p(s), both in absence 
where γ = nZ R /α eff , θ(·) is the Heaviside function, and δ(·) the Dirac delta function. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
358
The crossing properties of the soil moisture process can also be exploited to obtain the 359 average irrigation requirements in terms of irrigation frequency and required water volumes. of water provided at each application times the number of applications over the period, i.e.,
E. Plant average transpiration and water stress
365
The above described stochastic framework allows also the quantification of plant average well as its health and susceptibility to pest attacks, even though the response to water stress 373 is highly species-specific.
374
Average mass daily transpiration over the season can be obtained from the soil moisture 375 pdf (7) as
where ρ w ET (s) is defined in (4). The ratio T /T max quantifies how the specific growing 377 conditions (climate, planting geometry, irrigation) reduce the ability of the street tree to 
In the above definition, ζ is the average static water stress, by the process below the same threshold, T ↓ (s * ), can be obtained as
where P (·) is the cumulative density function. In turn, the average static stress, ζ , is defined 391 as mean level of plant water stress, provided that the plant is under stress, i.e.,
where ζ depends on soil moisture as ζ(t) = max{s Hence, in the sensitivity analysis on tree water requirements below, it is assumed that larger 
Planting design

455
In the following simulations, it is assumed that the plant trunk is located within an area 456 of bare soil of radius r B = 1 m. The radius of the area influencing the tree water balance
457
(through either direct infiltration or runoff) is r T = r B +r P +r I , a value that depends mainly 458 on planting design and existence of curbs (Fig. 1) planting density, and rainfall pattern on effective rainfall input (Fig. 2) , soil moisture ( Fig.   520 3), tree effective cooling capacity and dynamic water stress in absence of irrigation (Fig. 4) ,
521
as well as on irrigation requirements (in terms of water volumes and application frequencies;
522
Figs. 5 and 6). The Wolfram Mathematica codes used to produce the results presented in 523 this paper are available from the authors upon request.
524
A. Effect of permeable pavement extension on soil moisture probability density
In the proposed idealization of the problem (Fig. 1b) , the dimension of the permeable 527 pavement plays a complex role on soil moisture dynamics, through its impact on the amount 528 of rainfall contributing to tree available soil water, as well as the lateral extension of the 529 root for large trees (with potentially wider rooting zones for higher r P ) and hence overall 530 soil water storage volume (Fig. 2) . Consequently, for a set tree density (i.e., a given r T ; 531 black lines in Fig. 2 ), average infiltrable water volume R and average soil moisture increase 532 with the area of permeable pavement, till the point beyond which the enhanced infiltrated 533
water cannot be fully exploited because it infiltrates beyond the rooting zone (Fig. 2b, black   534 line). A similar pattern is observed when the distance between adjacent trees is allowed to 535 increase linearly with r P (i.e., r I is kept constant, while r T increases; Fig. 2a , grey dashed 536 line), even though the decline in contributing water is less sharp when r P > r C − r B (Fig.   537 2b, grey line).
538
For the case of set tree density, some examples of numerically generated soil moisture (Eq. 7; Fig. 3b,d) . As a consequence of the dependence of R on r P (Fig. 2b) 
544
This is apparent in both the soil moisture dynamics and the corresponding pdfs, where the 545 highest average soil moisture levels are obtained for r P such that r B + r P = r C (which 546 corresponds to r P = 2 m in Fig. 3 ), while extremely low or high r P result in very similar 547 pdfs of soil moisture (Fig. 3b, dotted demanding trees (i.e., higher T max ; Fig. 4a,d ), dynamic water stress increases nonlinearly 570 with decreasing permeable areas, in particular at low r P .
571
The effect of shifts in the rainfall pattern is explored in Fig. 4b soil water recharge from outer areas quickly tapers off with increasing distance.
584
The assumption of set distance between adjacent trees is relaxed in Fig. 4c ,f, where the 585 combined effects of permeable and impervious pavement dimensions are explored for set 586 species and climatic conditions. As expected, higher tree density (i.e., lower distances from 587 the origin in Fig. 4c ,f) has negative effects on tree cooling capacity and water status, because 588 of the limited area that can be exploited for water collection and soil moisture recharge.
589
More interesting is the quantification of the differential effect of an increase in either r P is immediately followed by a rainfall event, the water input of which is then partially lost to 620 runoff and deep percolation because of the relatively high soil moisture at the event time.
621
Furthermore, infrequent but deep rainfall events may result in higher water requirements 622 than less intermittent rainfall patterns, despite the lower intercepted fraction of water typical 623 of the former rainfall pattern (Fig. 5b) . Irrigation is often required during the inter-storm 624 periods to sustain plant transpiration and, when rainfall occurs, saturation-excess may re-625 sult in the loss of a significant fraction of the precipitated water. Finally, trees planted at 626 high density (i.e., low r P + r I ) will have higher average irrigation requirements than sparser 627 trees, because in the former case the almost continuous canopy enhances rainfall interception 628 and the precipitated water is split between adjacent trees. To facilitate soil water recharge 629 and limit irrigation water requirements, permeable areas should be maximized at high tree 630 density, while an intermediate r P = r C − r B should be sought for lower densities (Fig. 5c ).
631
Required irrigation frequency for traditional irrigation determines its practical applica-632 bility in the urban context or whether a more sophisticated system is necessary. Irrigation 633 frequency significantly increases with T max , regardless of planting geometry (Fig. 6 a) and,
634
F o r P e e r R e v i e w for a set T max , the minimum frequency occurs at r P = r C − r B . For altered rainfall patterns 635 the main determinant of irrigation frequency is the extension of the permeable area, with 636 extremely high irrigation frequencies for very low r P (i.e., extremely small effective rooting 637 volumes that cannot efficiently buffer plant water uptake). Conversely, at higher r P , re-638 quired irrigation frequency is less sensitive to changes in rainfall frequency and extension of 639 permeable pavement (Fig. 6b) .
640
D. Strategies for species selection and planting design
641
As apparent from the above results, the choice of tree species, size, and planting design 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 water is significant). Because of the relatively low required application frequency (Fig. 6a) ,
689
traditional irrigation is likely to remain the most economically viable option in most cases.
690
The only exceptions are trees with very high water demands or growing in locations with ex- 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the desired ecosystem services, small permeable areas and trees planted at high density 721 require higher irrigation input to maintain low water stress than a more balanced design.
722
Because of its higher efficiency, micro-irrigation has lower total water requirements, and 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We thank S. Saccomani and three anonymous reviewers for their constructive comments.
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In (c,f), the thick dashed line indicate the parameter combinations for which r T = 7.5 m (i.e., the case explored in the other panels).
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